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INTRODUCTION 

Because of the inherent advantages of high efficiency, environmental acceptability, and high 
modularity, fuel cells are potentially attractive power suppliers. Worldwide concerns over clean 
environments have revitalized research efforts on developing fuel cell vehicles (FCVs). As a 
result of intensive research efforts, most of the subsystem technologies for FCVs are currently 
well established. These include: high power density PEM fuel cells, control systems, thermal 
management technology, and secondary power sources for hybrid operation. For mobile 
applications, however, supply of hydrogen or fuel for fuel cell operation poses a significant 
logistic problem. 

A great many technologies have been investigated as candidates for the onboard storage of pure 
hydrogen for FCVs. These technologies include: 1) compressed hydrogen, 2) liquefied hydrogen, 
3) rechargeable metal hydride, 4) carbon adsorption and hybrid systems, and 5) liquid hydrides 
and other chemical hydrides. However, the volume andor weight energy densities of these 
onboard hydrogen storage technologies are significantly lower than those of internal combustion 
engines or the DOE hydrogen plan. Therefore, development of a high energy density subsystem 
to supply hydrogen for fuel cell operation is an urgently needed technology for the successful 
development of FCVs. 

To supply high-purity hydrogen for FCV operation, Thermo Power Corporation (THP) has 
developed an advanced hydrogen storage technology. In this approach, a chemical (light metal) 
hydride/organic slurry is used as the hydrogen carrier and storage media. At the point of use, 
high punty hydrogen will be produced by reacting the hydridelorganic slurry with water. The 
fluid-like nature of the hydride/organic sluny will provide us a unique opportunity for pumping, 
transporting, and storing these materials. In addition, the spent hydride can relatively easily be 
collected at the pumping station and regenerated utilizing renewable sources, such as biomass, 
natural gas, or coal at the central processing plants. Therefore, the entire process will be 
economically favorable and env i ro~~en ta l ly  friendly. The final product of the program is a user- 
friendly and relatively high energy storage density hydrogen supply system for fuel cell 
operation. 

BACKGROUND AND TECHNICAL APPROACH 

Pros and cons of the currently available and advanced hydrogen storage technologies, along with 
expected performance of the proposed technology, are summarized in Table 1. A plot showing 
how chemically-reacting hydrides compare with other fuels is shown in Figure 1. 

An essential feature of the THP approach is to develop a relatively high energy storage density 
hydrogen supply system based on exothermic chemical reactions between metal hydrides and 
water. Hydrogen production via metal hydride and water reactions is a well-established industrial 
process. In fact, several groups of researchers have investigated the metal hydride/water reaction 
process to supply hydrogen for fuel cells for mobile power generations. In this research, it has 
been identified that reaction rate control, frequent on/off operation, and safety of the operation 
could be significant problems for high energy density operations. 

One of the key technical challenges in the program is, therefore, to precisely control the metal 
hydride and water reaction. In our approach, the continuous organic sluny media will act as a 
path for dissipating heat that is generated from the hydride/water reaction. Furthermore, by 
controlling surface chemistry of the organic media, the watedmetal hydride reaction rate can 
easily be controlled. This concept is shown in Figure 2. In Figure 2a, a sketch is shown of two 
hydride particles, one surrounded by oil and one not. The oil layer inhibits the water access io the 
hydride and thereby controls the rate of reaction, which would otherwise be explosive. In Figure 
2b, the hydride suspension is shown to exemplify how the dispersant acts to hold the particle in 
suspension within the oil and further inhibit the reaction with water. 

Because of the reaction rate control afforded by the organic media, the hydrogen reactor can be a 
simple device. Water and hydride slurry are metered into the reactor, where they are thoroughly 
mixed to ensure complete reaction. This reaction goes to completion quickly, leaving a powdery 
waste. Hydrogen production rate is controlled by the injection rate of water and hydride. Heat 
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released by the reaction can be absorbed by the evaporation of water. No complicated control 
systems are needed to ensure proper and safe operation of the hydrogen reactor. 

The water required for thermal control and hydrogen reaction is provided by condensed vapor 
from the hydrogen fuel cell. Only a small reservoir of water is required for startup, makeup, and 
surge demand. Thus, the required water does not significantly affect the volumetric and 
gravimetric energy storage densities. 

The Slurry form of hydride has other benefits beyond reaction control. The hydride fuel can be 
handled as a liquid, simplifying transportation, storage, and delivery. Use of a slurry permits 
refueling similar to current gasoline filling stations, allowing the tank to be easily topped-off at 
any time. The hydroxide waste products produced by the hydrogen system can be washed from 
the onboard storage tank during the slurry filling operation. Both the hydride fuel and hydroxide 
waste product can be easily transported between the distribution centers and a central recycling 
plant. 

The used reactant slurry containing LiOH is returned to a central processing plant where the 
LiOH is recycled to LiH in a large-scale chemical process. The LiH is remixed with the slurry 
fluid and transported back to refueling stations scattered over a large area as needed. The basic 
energy input to the system is provided at the central plant and can be from a variety of energy 
sources, including fuels like coal, biomass, natural gas, and petroleum oil. All environmental 
emissions occur at the central processing plant. The vehicle is zero emission, with no 
hydrocarbon, CO, or C02 emissions. The central plant can include more sophisticated emission 
cleanup processes than would be possible for an onboard processing system. 

An important concept feature that needs to be pointed out is the recovery and recycle of the spent 
hydride at centralized processing plants using a low cost fuel, such as coal or biomass. 
Regeneration process analysis has indicated that recycling can be performed utilizing a 
carbothermal process with minimum energy input and at a low cost. Compared to current 
hydrogen costs of about $9.00 to $25.00 per million Btu, this concept should enable hydrogen 
costs as low as $3.00 per million Btu to be realized for a LiH system""*'. Also, because the 
hydride reaction will liberate only pure hydrogen, fuel cell catalyst life should be maximized, 
resulting in high system performance and reliability. 

PROTOTYPE DEVELOPMENT 

The major objectives of this hydrogen generation development effort are twofold. The first is to 
use a laboratory-scale system to determine optimum materials and hydrogen generation process 
conditions to achieve high specific energy for hydrogen supply. The second objective is the 
design and fabrication of a prototype hydrogen generation system capable of supplying 3.0 kg/hr 
of high purity hydrogen for fuel cells. 

Although there are numerous metal hydrides and organic carrier candidate materials, only a 
limited number of metal hydrides and organic carrier materials can be used to satisfy DOE'S 
goals of specific weight and volume. One of the essential considerations for the metal hydride is 
its hydrogen generation efficiency, which includes reaction chemistry between metal hydride and 
water to complete hydrolysis reactions in a safe and controlled manner. The organic carriers 
should be chemically inert toward metal hydrides and spent hydrides for storing and transporting, 
and during hydrolysis reaction. These materials also should be easily separated from spent 
hydrides, either thermally or mechanically, and be recycled for reuse. Although regeneration of 
the spent hydrides is not part of the technical effort of this program, it is an important issue for 
economical and commercial development of the technology. 

In the initial effort, we thoroughly analyzed, both theoretically and experimentally, the reaction 
chemistry of a variety of metal hydrides and water, and the chemical stability of the organic 
carriers in contact with metal hydrides and spent hydrides. Since detailed hydrolysis reaction 
kinetics of the metal hydride/organic carrier slurry were not known, we conducted experiments 
using a high-pressure (2000 psi) and high-temperature (232°C) vessel with temperature, pressure, 
and magnetic stirrer control capabilities (500 cm3 internal volume). For this investigation, we 
selected the candidate materials based on the guidelines listed in Table 2. 

In the development of a hydride/water activation system, several ideas were considered. These 
are: 

Single Tank Reactor 
Slurry Atomization Reactor 
Water Bathed Reactor 
Auger-aided Water Vaporizing Reactor 
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The single tank reactor, shown in Figure 4, is the simplest system. However, several problems 
exist for this system. The heat exchanger allows hot spots, increasing hydrocarbon 
contamination. It will also have a slow response to Hz demand. Furthermore, it is likely that not 
all hydride will react, leaving a hazardous waste product, and a large volume containing 
pressurized hydrogen. 

The atomized sluny reactor, shown in Figure 5, was conceptualized to remove heat from 15pm 
droplets by direct hydrogen heat transfer. This system is complicated and has a wear-prone sluny 
atomization system. The % m3/sec H2 flow rates needed for cooling are quite high. In addition, 
the heat.exchanger may be fouled by dust. There is also the likelihood of poor hydride/water 
mixing reducing generation efficiency, and a large pressurized hydrogen volume is required. 

In the water-bathed reactor configuration, shown in Figure 6, heat is removed by the recirculated 
flow of water. Excess water assures low reaction temperature and complete reaction in a 
relatively small water to air heat exchanger. Problems, such as the water soaked LiOH waste 
product and the weight of wasted water, push this concept outside the system goals. The water 
could be separated by a filter or a filter press, but neither a filter or filter press system allows the 
concept to reach the weight goals. Also, unfiltered particles will wear the recirculation pump, 

In the auger-aided reactor, shown in Figure 7, reactants are pumped to a mixing auger. At 
300 rpm, the auger mixes, crushes particles, and eliminates foaming within the hydrogen 
generation reactor. The waste product contains 10% by mass of water and is a dry, free-flowing 
powder. About three times the stoichiometric water is added and vaporized by the heat of 
reaction to control the temperature. 

The hydrogen water vapor content in the auger-aided reactor depends on the heat exchanger 
outlet temperature. Vapor condensation is slowed by the presence of hydrogen, increasing the 
size of the heat exchanger. The water vapor content could also be reduced by using hydride as a 
desiccant. This hydrogen production system device achieves the weight and volume goals. 

Based on the preliminary analysis and testing of the various concepts discussed above, a 
prototype system to produce up to 3 kg/hr of hydrogen was designed. This system is shown in 
Figure 8. To produce the hydrogen, 0.5 I/min 60% LiH slurry flows into the auger reactor, along 
with 1.4 I/min water for reaction and vapor cooling. The system produces up to .75 kg hydrogen 
per run. A 1.6 gallon reservoir of 60% LiH slurry, a 5.5 gallon water reservoir, and a 12 gallon 
hydroxide container make up the reactant and product volumes. A computer controls the hydride 
and water pumps. Data acquisition of pertinent pressures, temperatures, hydrogen flow, 
hydrocarbon, and water vapor content are recorded. The system is self-contained on a rolling 
Cart. 

A valveless ceramic piston pump is used for the LiH slurry and a gear pump is used for water 
flow. Three heat exchanger cores with 8-10” fans are used to condense the water from the 
hydrogen. Table 3 summarizes the energy, mass, and volumetric densities for the system, 
assuming storage of 15 kg Hz. To meet the design goals of 3355 Whrkg and 929 Wdl, UUI 
system must weigh less than 179.9 kg and must have a volume of less than 649.6 1. Table 3 
shows that the system designed will meet the weight goal and exceed the volume goal. 

SUMMARY 

In summary, the following can be stated: 
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A hydridelwater activation process (the hydrogen generation reactor) has been developed. 
Thermal management design for prototype system has been established. 
A chemical hydride sluny can be used to generate hydrogen for transportation vehicle 
applications. 
The system has the potential to be safe and easy to use. 
Chemical hydride-based systems can achieve DOE’S energy density goals. 
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FIGURE 8. Auger-Aided Reac tor  S y s t e m  Being Built 
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65% Lithium Hydride Slurry 
Hydroxide 

Heat Exchanger Aluminum Fin 
Hydride Tank Stainless 
Hydroxide Tank Plastic 
Hydride Metering Pump Valveless Piston 
Water Metering Pump 
Auger Drive Motor 
Auger Construction SS Materials 
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Direct Gas 10 Air HX Copper Tube, 

Gear Pump + DC Conlrol 
I18 Hp, 5.5: I Bodine DC Gear Motc 

System Goals (kg, I) 

System Values (watt-hrkg, watt-hmiter) 
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